A protein kinase has been extiacted from bovine rod outer segments by a mild procedure. The enzyme acts specifically on photobleached, not unbleached, rhodopsin and will not catalyze the phosphorylation of histones, phosvitin, or casein. We propose the name "opsin kinase" for the enzyme, which is not affected by cyclic nucleotides but which is inhibited by theophylline. Preparations of purified rod outer segments, however, appear to contain only low concentration of opsin phosphatase activity.
It has recently been shown in several laboratories that when rod outer segments (ROS) prepared from frog (1, 2) or ox (3) (4) (5) retinas are incubated with ATP and Mg2+ rhodopsin is phosphorylated and the reaction is markedly stimulated by light.
There seem to be three ways in which light could act. First, by directly stimulating the activity of the kinase, second, by altering the conformation of the rhodopsin so that it becomes a substrate for the kinase, and third, by altering the concentration of some cofactor which changes the activity of the kinase.
In support of the third possibility, it has been observed that the rate of production of 3': 5'-cAMP and cGMP in ROS is lowered on exposure to light (6) (7) (8) (9) (10) and, since rates of protein phosphorylation are, in so many cases, controlled by cyclic nucleotides, it was at first thought that the effect of light on cyclic nucleotide concentration could be correlated with the effect on protein phosphorylation (3, 4) . A decrease in cyclic nucleotide concentration could increase the net rate of protein phosphorylation if the cyclic nucleotide inhibited a protein kinase or, alternatively, stimulated a protein phosphatase.
Cyclic-AMP-inhibited protein kinases have been discovered in the slime mold (11) and cAMP-stimulated protein phosphatases in the toad bladder cell membrane (12) .
In this paper, we show that neither cAMP nor cGMP have any effect on the phosphorylation of ROS protein. The protein kinase in ROS is specific to photobleached, not unbleached rhodopsin, and the increase in substrate concentration which results from exposure of ROS to light is alone sufficient to account for the increase in protein phosphorylation.
MATERIALS AND METHODS
Preparation of Rod Outer Segments from Bovine Retinas was as previously described (13) . The segments routinely showed a ratio of absorbance at 280 to 500 nm of about 2.2. Incubation with 1 1-cis-retinaldehyde only increased the absorption at 500 nm by 5-10%, indicating that the material was only 5-10% bleached.
Abbreviation: ROS, rod outer segments.
Preparation of Tris Extracts from ROS (unless otherwise stated all extractions were performed at 40 in dim red light). ROS were homogenized by hand at a concentration of about 0.5 mg of protein per ml in 0.01 M Tris*HCl (pH 7.0) and centrifuged at 100,000 X g for 60 min.
Preparation of "Purified Rhodopsin" by Differential Extraction of ROS with Sodium Dodecyl Sulfate. The pellet remaining after extraction with Tris -HCl was extracted twice with 0.1%o sodium dodecyl sulfate in 10 mM Tris*HCl (pH 7.0). The insoluble material was washed three times with 0.066 M Na phosphate buffer, pH 7.0. This procedure removes not only nonrhodopsin proteins but also bleached rhodopsin. On the basis of polyacrylamide gel electrophoresis opsin appears to be the only protein in the preparation (14) .
Protein Determination was by the method of Lowry et al. (15) Reactions were terminated by the addition of 2 ml of ice-cold 10% trichloroacetic acid (or 20% to precipitate histones) and 0.1 mg (0.1 ml) of bovine serum albumin added as protein carrier. The protein precipitate was washed twice with 10% trichloroacetic acid, M orthophosphoric acid, then resuspended in 0.5 ml of 0.1 N NaOH and incubated for 10 min at 37°, after which 2 ml of 10 or 20% trichloroacetic acid was added and the protein was spun down. The protein precipitates were washed once in 1 ml of ethanol-ether (1/1) and dissolved in 2 ml of 0.1 N NaOH at 1000 and the Cerenkov radiation was measured (18 (1, 3, 5) .
The incorporated radioactivity is bound to protein and not lipid, since it could neither be extracted into chloroformmethanol (2/1) nor into chloroform-methanol-concentrated HCl (300/200/1). Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate showed, in agreement with other workers (1) (2) (3) (4) (5) , that opsin was the major, if not the only, protein to be phosphorylated. It has been found that serine and to a lesser extent threonine are the major, if not only, site of phosphorylation (3, 5) .
Other workers have reported, without giving any details, that the phosphorylation of ROS is unaffected by cAMP (3, 4) . The effect of cGMP, which is also present in high concentrations in ROS (8), was not examined. To examine the effects of cyclic nucleotides on the phosphorylation of ROS it was necessary to add a phosphodiesterase inhibitor to prevent the hydrolysis of the cyclic nucleotide.
We found that theophylline and SQ 20009 (which is structurally very similar to theophylline) are both quite strong inhibitors of ROS phosphorylation in the light but have less effect in the dark, while papaverine is only slightly inhibitory in the light and has no effect in the dark (Table 1) . Neither cAMP nor cGMP have any effect in the presence or absence of phosphodiesterase inhibitors in the light or in the dark, and similarly dibutyryl cGMP has no effect in the light or dark, while dibutyryl cA;M.P, though having no effect in the dark, was slightly inhibitory in the light ( Table 1 ). The effect of phosphodiesterase inhibitors could be due to an increased accumulation of cyclic nucleotides, which cause an inhibition of phosphorylation. Cyclic nucleotides, however, do not affect phosphorylation, but it may be that it is difficult for them to reach the kinase inside the ROS membranes. To solve this problem we examined the effect of cyclic nucleotides on the soluble kinase (see below).
Extraction of Protein Kinase Activity from ROS. It has previously been reported that rhodopsin kinase activity may be extracted from ROS by sonication in Tris EDTA (5). We treated ROS by a milder procedure, described in the Materials and Methods section. About 8-10% of the total ROS protein is solubilized and the insoluble material remaining after extraction showed a loss of intrinsic protein kinase activity, particularly when measured in the light. The activity was restored by addition of the Tris extract (Table 2) which did not, however, show any self-phosphorylation.
It was also found that the Tris extract catalyzed the phosphorylation of purified photobleached, but not unbleached, rhodopsin (Fig. 1) (Fig. 2) .
This could be explained if the kinase binds rather strongly to its substrate, bleached rhodopsin. Since there is much more of this substrate in light-exposed ROS, it is easier to extract the enzyme from material kept in the dark.
Because of the higher concentration of protein kinase activity all the Tris extracts referred to below as soluble enzyme were prepared from material kept in the dark. (20) .
The time course of protein phosphorylation of intact ROS is essentially the same as the time course of the phosphorylation of purified bleached rhodopsin catalyzed by a Tris extract when the two are recombined in the same proportion as in the intact material, (Fig. la) . There is thus no evidence that opsin Protein kinase activity was determined as described in the text with 50-100 ,sg of Tris extract protein per ml. Results are shown as means A standard deviations with the number of observations in parentheses.
is phosphorylated in the intact ROS by enzymes apart from the "opsin kinase" found in the Tris extract.
Effect ofRhodopsin Photostimulation on Protein Phosphorylation. If "opsin kinase" acts only on bleached rhodopsin, exposure of ROS to light will increase the amount of substrate available to the enzyme and hence the net amount of phosphate which can be incorporated into the ROS protein will also be increased. To demonstrate this point purified rhodopsin was exposed to light for various times, producing various degrees of bleaching, and the time course of phosphorylation was determined. It was found that increased rhodopsin bleaching increased the amount of phosphate which could be incorporated (Fig. 1) . Both the initial rate of phosphorylation and the total amount of phosphate which could be incorporated were increased. No alteration in the time course of phosphorylation was observed if the bleached rhodopsin was left in the dark for times up to 10 min before the start of phosphorylation. This result indicates that the increased phosphorylation is due to an increased concentration of substrate for the kinase reaction. To make this point clear the amount of phosphate which could be maximally incorporated into rhodopsin was plotted against the percentage of unbleached rhodopsin in the sample. A completely linear relationship was observed (Fig. lb) Frank et al. (4), who showed that there was a roughly linear relationship between the rate of phosphorylation of ROS and the extent of bleaching, but is in contrast to the results of Bownds et al. (1) , who initially reported that ROS prepared from frog retinas showed maximal phosphorylation after only 1% of the rhodopsin is bleached. In a recent publication, however, they reported that further bleaching did cause an increase in phosphorylation, though small bleaches were much more effective (2, 22) . Our experiments give no indication of such an effect. The method which we used for the preparation of rhodopsin extracts bleached material (14) . Examination of Fig. lb shows the line to cross the abscissa at 101%, suggesting that the preparation of rhodopsin is only 1% bleached before exposure to light. Intacts ROS show more phosphorylation in the dark than does a mixture of rhodopsin and Tris extract (Fig. la) .
Several workers have observed a maximal incorporation of about 1 mole of phosphate/mole of rhodopsin (1, 3, 5 (Fig. 3b) but the reaction was still not very fast.
DISCUSSION
The results described in this paper show that ROS contain a protein kinase which is readily solubilized and which specifically catalyzes the phosphorylation of photobleached but not unbleached rhodopsin. Most protein kinases so far reported fall into two broad groups: those that catalyze the phosphorylation of phosvitin, and those that catalyze the phosphorylation of histones, though, of course, both groups of enzymes catalyze the phosphorylation of a number of other proteins as well. The protein kinase present in the Tris extract prepared from ROS belongs to neither group, since it can catalyze the phosphorylation of neither histones nor phosvitin. It appears that it is an enzyme that specifically catalyzes the phosphorylation of bleached rhodopsin, and we propose the name "opsin kinase." The fact that the protein kinase acts only on bleached rhodopsin explains the observation that exposure to light increases the phosphorylation of ROS protein.
The fact that ROS proteins are phosphorylated through the action of a specific protein kinase is one of considerable interest. The synaptic membrane proteins of brain are phosphorylated through the action of a tightly bound protein kinase which differs in properties in several respects from the enzyme that catalyzes the phosphorylation of phosvitin or histones (23) (24) (25) . Like opsin kinase it is inhibited by theophylline but not by papaverine (23, 25, 26) . It is, however, stimulated by cAMP (26, 27) .
The time course of rhodopsin phosphorylation is much too slow to be involved in the direct response to light but it may be postulated that the phosphorylation is concerned in the adaptation of the photoreceptors to light or dark conditions (5, 22) . It has been suggested before (25, (27) (28) (29) that the phosphorylation of certain membrane proteins may control passive permeability to certain ions and it may be that the phosphorylation of rhodopsin may similarly control passive permeability in ROS, so mediating the responsiveness to a light impulse.
